To test the hypothesis that p-adrenegic stimulation is required for the normal increase in oxidative capacity of respiratory and locomotor skeletal muscle in response to exercise training, we examined the effects of pblockade on muscle oxidative capacity in trained and sedentary rats. Thirty-four female adult Sprague-Dawley rats were randomly divided into four experimental groups: 1) trained + propranolol (TP); 2) trained + sham injection (TS);
Introduction
While it is well established that regular endurance exercise results in significant increases in the oxidative capacity (i.e. increased mitochondria1 volume) of skeletal muscle, the mechanism to explain this training-induced adaptation remains unknown. Recently, several investigators have hypothesized that beta (P)-adrenergic stimulation plays an essential role as the exercise "signal" to up-regulate bioenergetic enzyme activity in skeletal muscle (7, 9, 14) . In support of this notion, Ji et al. (9) demonstrated that high doses of the @-antagonist, propranolol, prevented the normal exercise-induced increases in skeletal muscle oxidative enzymes. Further support ofthis hypothesis has been provided by investigators using both pharmacological models (7) and syrnpathectomized animals (14) . However, this issue remains controversial as other investigators have reported that syrnpathectomy does not influence muscle adaptation to exercise (8) and that low-dose chronic P-blockade does not impair training-induced changes in skeletal muscle oxidative capacity (I 0,18).
A potential explanation for the discrepant findings between investigators using kblockade to study the role that Padrenergic mechanisms play in muscle adaptation is drug dosage. Since P-blocking drugs are competitive inhibitors of P-receptors, low doses of P-antagonists may not provide complete receptor blockade. This is particularly true during intense exercise training where adrenomedullary activity is high (8) . Another problem associated with using a low drug dosage is that the number of P-receptors differ between skeletal muscle fiber types. P-receptor numbers are greater in highly oxidative fibers compared to fibers with low oxidative potential (e-g. type I vs. type IIb) (5, 20) . Further, endurance training has been shown to up-regulate P-receptors in human skeletal muscle (18) . Therefore, low dose P-blockade may provide adequate antagonism in muscle fibers with small P-receptor numbers but i.nsufficient blockage in fibers with high receptor numbers; this fact could be a contributory factor to the divergent findings within the literature.
From the discussion above it is clear that additional experiments will be required to answer the question, "1s 13-adrenergic stimulation required for the normal exercise training-induced increase in skeletal muscle oxidative capacity"? We believe that this problem can best be studied by using several skeletal muscles that vary in fiber type and administration of high doses of P-adrenergc blocking agents. Because P-blocking drugs are competitive inhibitors, the use of high doses of these Table 1 Exercise training protocol used to train both experimental exercise groups. Animals trained for 5 days. week1 for six weeks with each training session beginning with a 5 rnin warm-up (20 meters. min-1/0 % grade). The training periods consisted of runs lasting 5-20 minutes, separated by 3 minute rest periods. The exercise duration reflects the total amount of exercise performed on a given day including the warm-up.
drugs increases the chance of receptor blockade. Further, a study of several muscles that differ in oxidative capacity is useful because of the inter-muscle variation in P-receptor density. Therefore, the current experiments examined the effects of high doses of P-blockade on skeletal muscle adaptation to endurance exercise using rat muscles that differ in fiber type and activity pattern (i.e., hind-limb locomotor muscles and costal diaphragm). The hypothesis tested was that P-adrenergic mechanisms are essential to the training-induced increases in the oxidative capacity of both locomotor and respiratory skeletal muscle.
To date, only Ji et al. (9) have examined the effects of high dose P-adrenergic blockade on skeletal muscle adaptation to endurance training. The current experiments were modeled after the work of Ji et al. (9) and were designed to be an independent reexamination of the effects of high dose Padrenergic blockade on muscle adaptation to training. Importantly, the present study differs from Ji et al. (9) in that we investigated the effects of P-adrenergic blockade on training-induced muscular adaptation using three muscles varying widely in fiber composition whereas Ji et al. studied a mixture of predominately fast muscle fibers only. This key experimental design difference permits the evaluation of kadrenergic blockade in muscle fibers that diffet in the number of beta receptors.
Methods

Animals
These experiments were approved by the university committee for use of animals in research and followed the guidelines established by the American Physiological Society. Thirty-four female Sprague-Dawley rats (120 days old) were fed rat chow and water ad libitum and were maintained on a 12 hour lightldark photoperiod during the experimental period.
Experimental design and exercise training protocol
Rats were selected for their willingness to run on a motorized treadmill and were then assigned to one of four experimental groups: 1) trained + propranolol (TP); N = 5; 2) trained + sham injection (TS); N = 12; 3) sedentary + propranolol (SP); N = 7; and 4) sedentary + sham injection (SS); N = 10 (N = number of animals completing the study in each group). The selection procedure for animal training is justified given that skeletal muscle metabolic properties do not differ between rats with a willingness to run and those animals resistant to running (2) . Details of the training protocol are outlined in Table 1 . Briefly, the training protocol involved a progressive increase in both exercise duration and intensity over the six week exercise period. Since propranolol limits exercise tolerance, great care was taken to insure that both training groups performed the same (absolute) amount of training. This was achieved by daily training of the propranolol treated group first, followed by the sham injected group performing the same training protocol. Electrical shocks were used sparingly to motivate the animals to run.
To standardize environmental influences and human contact, animals in the two sedentary control groups were handled daily by Laboratory personnel and placed on a non-moving treadmill 2-3 times per week.
Drug treatment
Groups TP and SP received daily (5 days/ week) injections of the nonselective P-blocker, propranolol (30 mg/kg body weight). The TS and SS groups were "sham" injected daily with an equal volume of saline. The propranolol treatment was administerkd approximately 30 minutes prior to exercise training. The dosage and injection timing of propranolol is based on data by Ji et al. (9) which demonstrates that this injection protocol results in a significant (-25 %) reduction in exercise heart rare in rats.
Tissue removal
Forty-eight hours after the last training session, animals were anesthetized with 90 mg . k g 1 sodium pentobarbital intraperitoneally and the costal diaphragm, soleus, and plantaris muscles quickly removed. Excised muscles were rapidly dissected free of fat and tendon in ice-cold rat ringers solution and frozen in liquid nitrogen. Samples were stored at -80 "C until assay.
Enzyme assays
All tissue samples were homogenized in cold lOOmM phosphate buffer ~1 0 . 0 5 % bovine serum albumin (1 : 20 wtlvol; pH = 7.4). Homogenization included a 15 s treatment with a tissue homogenizer (Ultra-Turrax T25, IKA Works, Cincinnati, Ohio) followed by 10 passes of the homogenate in a tight-fitting Potter-Elvehjem homogenizer (3 'C). Homogenates were then centrifuged (3 'C) for 10 min at 400 x g. We have demonstrated previously that this homogenization technique is broficient in cellular and mitocohondrial disruvtion in rat kuscle (unpublished data). The supernatant was iecanted and assayed for the activities of citrate synthase (CS, EC 4.1.37), 3-hydroxyacyl-CoA dehydrogenase (HADH, EC 1.1.1.35), and lactate dehydrogenase (LDH, EC 1.1.1.27) as well as total protein content. Total protein content of the homogenate was determined using the dye-binding technique described by Bradford (4) . CS, HADH, and LDH activities were determined using the procedures described by Srere (17), Bass et al. (I), and Bergmeyer et al. (3), respectively. In our hands the coefficients of variation for CS, H m H , and LDH assays were -4, 4, and 6 percent, respectively. All enzyme assays were performed in du-
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plicate at 25 T and samples &om all experimental groups were assayed on the same day to reduce interassay variation.
Defermination of myosin heavy chains (MHC)
Myosin is the primary myofibrillar protein and consists of two myosin heavy chains and four light chains. In the adult rat, four MHC isoforms have been identified: I) type I MHC; 2) type IIa MHC; 3) type IId MHC; and 4) type 1% MHC. We measured MHC composition to classify the myofibrillar protein phenotype of the muscles studied and to determine if b-blockade alters the normal endurance training-induced changes in skeletal muscle MHC composition. We chose the assessment of MHC isofoms to determine fiber composition because traditional ATPase histochemistry is often subjective and cannot resolve the type IId MHC.
MHC composition in the costal diaphragm, soleus, and plantaris muscles, were assessed using SDS-polyacrylarnide gel electrophoresis procedures described by Talmadge and Roy (19) . Briefly, the protocol for the determination of myosin heavy chain isoforms is as follows. After determination of protein content (4), a sample of denatured myofibrillar protein was loaded onto 16-cm long vertical gels (8 % polyacrylamide; glycerol 30% v/v) and electrophoresed for 20 hours at 8 "C. Gel lanes containing both molecular weight standards and rnyofibrillar samples From slow (soleus) and fast (extensor digitorium longus) locomotor muscle were run simultaneously with experimental samples as standards. For identification purposes the gels were stained with Coomassie Blue R-250 and destained by diffusion in a methanol/glacial acetic acid solution. The relative concentrations of myosin heavy chain isofoms were determined by scanning the gels using a computerized densitomehic image analysis system.
Data analysis
A 2 x 2 analysis of variance was used to analyze group differences. A Duncan's test was used post hoc to determine where significant differences occurred. Significance was established at p < 0.05.
Results
Body weight
Mean (fSD) animal body weights (g) at the end of the six week mining period were as follows: SS = 344.7 f 10.6; SP = 317.7f 10.4; TS = 303.7f 9.8; and TP = 287.4k 13.1. No significant differences existed in body weights between the TS and SP groups. However, body weights were significantly lower in the TP and TS compared to the SS animals. Table 2 contains the mean (&SEW specific activities of CS, HADH, and LDH activities for the costal diaphragm, plantaris, and soleus muscles. Exercise training resulted in a significant increase in both CS and HADH activities in the plantaris, soleus, and costal diaphragm in the TS group compared to SS group. Although exercise training resulted in small increases in skeletal muscle CS and HADH activities in the TP animals, the magnitude of the CS activity changes were indicated by a significant interaction between exercise training and drug treatment in the costal diaphragm, plantaris, and soleus muscles. This is illustrated by examination of plantaris CS activities in the TS and TP groups. For example, when compared to the sedentarylsham injected control animals, CS activity was elevated by -28 % in the TS animals compared to only a -18 % increase in the TP animals.
Muscle enzyme activity
Although the mean CS and HADH activities tended to be lower in the sedentary-propranolol heated (SP) animals compared to the sedentary-saline (SS) group, the differences were significant for CS activity in the costal diaphragm, only.
Finally, LDH activities in the costal diaphragm and soleus were not altered by exercise training or drug treatment. LDH activities in the plantaris, however, were significantly lower in both exercise groups (TS and TP) compared to their respective control groups (SS and SP). Propranolol meatment did not alter plantaris LDH activity.
Myosin heayy chain isoforms
MHC isoforms data (meansf SEM) for the costal diaphragm, plantaris, and soleus muscles are contained in Table 3 . As mentioned, a key point in the experimental strategy of these experiments was to study muscles exhibiting a large variation in fiber type. Examination of Table 3 confirms that we were successful in that regard. For example, the soleus muscle had a predominance of type I MHC isoforms (e.g. -> 91 % type I MHC) and therefore contained limited type I1 MHC isofoms. Exercise training resulted in significant increases in type I MHC and significant decreases in both type IIa and IIb MHC isofoms in the soleus of both the saline and propranolol-treated animals.
Discussion
Overview of major findings
To our knowledge, these are the first experiments to examine the effects of high doses of 0-blockade on skeletal muscle adaptation to endurance exercise using muscles that differ markedly in MHC composition. The principal finding of these experiments was that P-adrenergic blockade tended to blunt the training-induced increase in mitochondrial enzymes in both locomotor and respiratory muscle. Therefore, these data confirm the findings of Ji et al. (9) and support the hypothesis that P-adrenergic mechanisms may be important in the normal adaptation of skeletal muscle to endurance exercise.
Polential mechanism of kadrenergic influence on muscle oxidutive capacity
It is generally accepted that exercise-induced increases in blood catecholamines can result in an increased rate of intracellular cyclic AMP (CAMP) formation via P2 receptor stimulation. Further, there is growing evidence that CAMP is involved in gene regulation as investigators have demonstrated that elevation of CAMP in cultured myotubes resuIts in an increased expression of oxidative enzymes (6,l I, 13,16 ). These observations suggest that P-adrenergic and cAMP mechanisms may be involved in the exercise training-induced increase in skeletal muscle mitochondria1 enzymes. Our findings are consistent with this hypothesis.
It is important to note that while our data support the general conclusion that P-adrenergic mechanisms are involved in the exercise training-induced increase in muscle oxidative capacity. the observation that 0-blockade does not completely eliminate the exercise-induced up-regulation of muscle oxidative enzymes suggests that other mechanisms may also be involved. Evidence for this possibility has been provided by Kraus et al. (12) who demonsRated that contractile activity alone, independent of @-receptor stimulation, produces elevated intracellular levels of CAMP. Further, these authors showed that the time course of the rise in cellular CAMP was similar to the activity-induced changes in mRNA and protein products of the genes that encode mitochondrial proteins important to energy metabolism. Collectively, the data by Kraus et al. (12) and the present data provide support for the concept of dual control of gene expression by contraction and P-receptor dependent This hypothesis is attractive since it is consistent with the current data and may account for at least some of the discrepant findings in the literature concerning @-blockade and endurance training adaptation.
A key question in regard to the concept of dual control of gene expression by contraction and padrenergic mechanisms is "What is the relative contribution of each of these two mechanisms in mediating the endurance training-induced increases in muscle oxidative capacity"? Unfortunately, the present data do not provide a definitive answer to this question. However, our observation that P-blockade results in a significant reduction in diaphragm and plantaris training adaptation (i.e. CS specific activity was -7 to 20% lower in TP animals compared to TS) supports the notion that contractiledependent pathways alone cannot account for the metabolic adaptations that occur during moderate intensity endurance exercise training in muscle of mixed fiber type. Thus, P-adrenergic pathways appear to be involved in the normal adaptive responses of mixed skeletal muscle during this type of endurance training. Similar conclusions have been reached by Kraus et al. (12) . Additional experiments aimed at quantitatively determining the relative importance of contraction-dependent pathways and 0-adrenergic pathways in the elevation of cAMP and muscle adaptation in response to various types of exercise are clearly warranted.
Exercise training-induced alterations in MHC isoforms
Exercise training resulted in a fast-to-slow shift in MIIC isoforms in the plantaris and soleus muscles. In contrast, training did not alter the MWC composition in the costal diaphragm. The explanation for this observation may be that the exercise training regimen provided a proportionally greater metabolic requirement on both the soleus and plantaris muscles compared to the diaphragm. This notion is supported by the observation that the exercise-induced increases in CS were significantly greater in the locomotor muscles compared to the diaphragm. For example, training resulted in a 13 % increase in CS specific activity in the costal diaphragm whereas CS activity was elevated by 24 and 28% in the soleus and plantaris muscles, respectively.
The fact that increased contractile activity results in changes in MHC composition in skeletal muscles is welf known (see reference 15 for a review). However, the mechanism responsible for activity-related shifts in MHC isoforms in skeletal muscle is unknown and remains an active area of research. Although treatment of animals with agonists results in altered muscle MHC composition (unpublished observations), our data do not suggest that P-adrenergic stimulation is necessary for the MHC isoform changes in the present study. Indeed, exercise-induced shifts in MHC isoforms occurred in both the sham-injected and propranolol-treated groups.
Critique of experimental model
To test the hypothesis that P-adrenergic mechanisms are essential for the normal training-induced increases in mitochondria1 enzymes, we exercise trained both sharn-injected animals and those treated with high doses of propranolol. Our propranolol dose (30mglkg) was selected because this level of drug has been shown to produce significant P-blockade in exercising rats (9) . Further, to assess the effects of propranolol alone (independent of exercise) we included groups of both sham-injected and propranolol treated sedentary animals in our design.
As discussed earlier, to avoid the pitfall of studying muscles with either a high or low densities of receptors, we studied three muscles that exhibited a wide range of fiber type characteristics (i.e. hence, a wide range of pz receptors). This type of experimental design permitted a thorough analysis of the effects of j3-blockade on training-induced changes in muscle oxidative capacity across various fiber types. Our finding that kblockade resulted in a blunted training response in both the diaphragm and plantaris muscles without affecting the training adaptation of the soleus muscle may be due to muscle differences in the density of beta receptors. That is, higher doses of P-blockade may be required for complete blockade in muscles with a high density of j3-receptors (e.g. soleus) compared to muscles with a lower density of P-receptors (e.g. plantaris and diaphragm).
Finally, due to the propranolol effect on exercise performance, great care was taken to insure that both training groups performed the same amount of training. Therefore, our experimental findings were not due to differences in the training programs between groups.
Conclusions
Our results are consistent with the hypothesis that P-adrenergic stimulation is involved in the normal traininginduced increase in oxidative capacity in both locomotor and respiratory skeletal muscle. However, the fact tbat some adaprtabolic Changes Inf. 1 Sports Med. 16 (1995) 17 tation (i.e. increase in muscle oxidative capacity) occurred even with P-blockade suggests that other mechanisms may also be responsible. The present data combined with other reports establishes the framework for future experiments to test the hypothesis that the genes responsible for synthesizing proteins involved in muscle oxidative capacity are under multiple control and may be regulated by contractile activity, P-receptor activation, or some other yet to be determined mechanism.
